• Fc-engineered mAb promotes NK cell ADCC via better activation, serial killing, and kinetic boosting at higher target cell densities.
Introduction
Therapeutic monoclonal antibodies (mAbs) elicit functional responses through many different mechanisms, including antibody-dependent cell-mediated cytotoxicity (ADCC), complement dependent cytotoxicity, antibody-dependent cell-mediated phagocytosis (ADCP), and direct induction of apoptosis in tumor cells. 1 By using the principles of glycoengineering and mutagenesis, Fc variants have been isolated that show either increased affinity for the activating receptors or altered selectivity for the activating/inhibitory receptors. [2] [3] [4] Preliminary clinical data with such antibodies Fc-engineered to improve the ADCC/ADCP potential and targeting CD19, CD20, Her2, or CD40 have shown reasonable promise in improving the therapeutic potential of mAb. [5] [6] [7] [8] Natural killer (NK) cells occupy a pivotal role in immunity: not only can they exert direct cytotoxicity toward infected or tumor cells but they also participate in shaping the adaptive response. 9, 10 In the context of mAb treatment, NK cells are unique in that they express only the low-affinity activating FcgR CD16 (FcgRIIIa), and no inhibitory antibody receptors, underscoring a significant role in ADCC. [11] [12] [13] Several studies using mouse tumor models have established a link between activating Fc receptors and the efficacy of mAb therapy. 14, 15 Furthermore, as CD16 is polymorphic in humans, it has been demonstrated previously that immune cells that harbor the CD16-158V allotype exhibit better binding to human immunoglobulin G1 (IgG1), which in turn leads to more efficient ADCC/ADCP in vitro and to better clinical outcomes. [16] [17] [18] [19] Acute myeloid leukemia (AML) is the most common acute leukemia affecting adults and is responsible for more than 10 000 deaths annually in the United States. Therapeutic strategies to treat AML with mAbs have predominantly targeted the sialic acid-binding sialoadhesin receptor 3 (CD33), which is expressed in more than 85% of leukemic cells, including leukemic stem cells. 20 Gemtuzumab ozogamicin, an immunoconjugate between the humanized M195 antibody and the DNA-damaging toxin calicheamicin, was granted expedited approval by the US Food and Drug Administration in 2000 on the basis of promising phase 2 data. 21 In 2010, however, gemtuzumab ozogamicin was withdrawn because of toxicities that affected the risk-benefit ratio. Recent clinical data showing efficacy in AML patients have challenged this withdrawal. 21, 22 The unconjugated anti-CD33 antibody, M195, and its humanized version, HuM195 (lintuzumab), 23 have only shown limited benefit in clinical trials, but mechanistic studies have demonstrated a significant role for effector functionality (ADCC and ADCP), suggesting that Fc engineering can improve clinical efficacy. 24 Although Fc engineering can increase molecular affinity toward CD16, the mechanistic basis of the improved affinity resulting in better ADCC by NK cells is not well established. In vitro dynamic imaging systems are particularly suited for studying the dynamics of cell-cell interactions in a defined environment but have been typically limited in throughput and in monitoring effector fate. [25] [26] [27] [28] We engineered the Fc region of the anti-CD33 mAb HuM195 by introducing the triple mutation S293D/A330L/I322E (DLE) and developed Time-lapse Imaging Microscopy in Nanowell Grids (TIMING) to analyze ADCC kinetics of thousands of individual NK cells incubated with mAb-coated target cells. We demonstrate that mAb Fc engineering promotes superior activation of NK cells and improves both amplitude and kinetics of NK cell-mediated ADCC. Furthermore, NK cell-mediated ADCC can induce activation-induced cell death (AICD) in effector cells, although this was subject to donor heterogeneity. These results can shed light on both the mechanism underlying improved ADCC and the decreased frequency of NK cells in peripheral circulation seen on treatment with Fc-engineered antibodies, and can also support the reevaluation of anti-CD33 antibodies.
Methods Human subjects' statement
All protocols listed in this study were reviewed and approved by the institutional review boards at the University of Houston and the University of Texas M.D. Anderson Cancer Center.
Statistical analysis
The tests used to determine the P values are listed in supplemental Table 1 available on the Blood Web site and are indexed in the main manuscript, using subscripts.
Antibody engineering and expression
The variable domains of light-and heavy-chain genes of HuM195 were constructed by using recursive polymerase chain reaction and were cloned into expression plasmids, as described previously. 29 Mutations were introduced into the heavy chain using QuikChange mutagenesis techniques (Stratagene). Light-and heavy-chain plasmids were prepared by using a Biomek FX (Beckman Coulter) and cotransfected into 293T cells. Supernatants were harvested and antibodies were purified by using protein A affinity chromatography (Pierce). The affinity of wild-type (wt)-HuM195 and DLE-HuM195 for CD16 or CD33 was tested using sandwich enzyme-linked immunosorbent assay (ELISA).
Fabrication of nanowell array and end-point cytotoxicity assay
Nanowell array fabrication and single-cell level cytotoxicity assay were performed as described previously. 27 Briefly, CD33 1 EL4 (targets) and NK (effectors) cells were labeled for 5 minutes with 1 mM red PKH26 and green PKH67 (Sigma-Aldrich), respectively. The targets were subsequently incubated with 1 mg/mL mAb at 4°C for 20 minutes and were washed to remove excess mAb. Effectors and targets were loaded sequentially onto nanowell arrays at a concentration of 10 6 cells/mL and the entire chip was incubated in complete medium containing 1/60th AnnexinV-AlexaFluor-647 (Life Technologies). Images were acquired on an AxioObserver (Carl Zeiss) fitted with a Hamamatsu electron multiplying charge coupled device camera using a 10 3 0.3 NA objective. Automated image acquisition of the array was performed at 0 and 6 hours. Detailed experimental design and background subtraction are described in supplemental Figure 3 .
TIMING assays
Nanowell arrays approximately one-third the original size were fixed onto a 60-mm Petri dish and loaded with labeled and mAb-pretreated cells as in the endpoint assay. The chip was immersed in phenol red-free complete medium and placed in a stage prepared for live cell imaging. Images were taken using a 20 3 0.45 NA objective for 12 to 16 hours at intervals of 7 to 10 minutes (supplemental Figure 5) .
The supplemental Methods contains an extended description of cell lines, NK cell expansion protocols and phenotyping, image segmentation and tracking, and measurement of Zeta-chain-associated protein kinase 70 (ZAP-70) phosphorylation.
Results
Quantifying NK cell-mediated ADCC and AICD at the single-cell level
Starting with reported variable chain fragment sequences of the anti-CD33 antibody HuM195 as the template and the wt human IgG1 Fc, site-directed mutagenesis was employed to engineer the DLE mutations into the Fc region. 30 As demonstrated recently, the DLE mutations increase the affinity of the Fc toward both CD16-158 allotypes. 31 Sandwich ELISA confirmed that DLE-HuM195 had increased affinity toward CD16 with no change in antigen-binding affinity ( Figure 1A-B) .
To compare the effector functions of DLE-HuM195 with that of wt-HuM195, we first tested their potency to induce ADCC in 3 AML human cell lines expressing varying amounts of CD33: MV4:11, MOLM13, and HL60. 32 For all 3 lines tested, NK cell-mediated lysis was more pronounced on target cells that were precoated with DLE-HuM195 than on those precoated with wt-HuM195 ( Figure 1C -E P 1 , P 2, and P 3 values , .0001; details of tests listed in supplemental Table 1 ). As evidenced from the "no mAb" control, and because these tumor cell lines express additional ligands that facilitate NK cell-mediated cytotoxicity, we used the EL4 cell line (resistant to NK cell-mediated direct killing) expressing human CD33 (supplemental Figure 1A) to clearly define the contribution of mAb-derived ADCC. 33 As effector cells, we used human NK cells expanded ex vivo by following a protocol we have recently described for the generation of clinical-grade NK cells used in adoptive cell therapy (supplemental Figure 1B) . 34, 35 As expected, comparisons of the cumulative responses as measured by the calcein-AM release assay, 35 showed that NK cell-mediated lysis was more pronounced on CD33
1 EL4 target cells that were precoated with DLE-HuM195
(hereafter referred to as DLE-Targets) than on wt-Targets, both at varying concentrations of mAbs ( Figure 1F , at 1 ng/mL, P 4 5 .01; and 10-10 3 ng/mL, P 4 , .001) and at different E:T ratios ( Figure 1G ; 1.3-to 2-9 fold increase with a more marked effect at lower E:T ratio; P 5 , .0001). The NK cell cytotoxicity was even more markedly increased with DLE-Targets in comparison with wtTargets when the antibodies were present in solution for the duration of the assay ( Figure 1H ; 8-28 fold increase; P 6 , .0001). This confirmed that the continuous presence of mAb does not inhibit the cytotoxicity of NK cells. We also excluded any direct cytotoxic effect of the mAbs by incubating the CD33 1 EL4 targets with the same mAbs (1 mg/mL), but without adding NK cells (supplemental Figure 2A ), as well as by incubating NK cells with mAb only, without targets (supplemental Figure 2B ). 1 EL4 target cells were precoated with mAb (1 mg/mL) and incubated on a nanowell array with labeled, expanded NK cells as effectors for 6 hours, and ADCC was determined as described in supplemental Figure 3 (E:T ratio, 1:1-3) (at least 2676 events were analyzed for each donor and mAb condition was tested). Of note, these values represent the background-corrected frequencies of cytolytic NK cells, which are obtained as described in supplemental Figure 3 . When available, CD16-158 allotype is annotated near the donor identifying number (F, phenylalanine; V, valine). All data are shown as mean 6 SD, and stars represent P values calculated as detailed in supplemental 
org From
To quantify the frequency of cytotoxic NK cells, we set up a single-cell assay with appropriate controls (supplemental Figure 3) , as described previously. 27 Fluorescently labeled annexin V was used to detect early apoptosis, and time-lapse microscopy using annexin V and Sytox (DNA dye) costaining confirmed that monitoring annexin V staining was sufficient to track eventual cell death (supplemental Video 1). Within nanowells containing a single NK cell and 1 to 3 targets, after 6 hours, 25% 6 8% (mean 6 standard deviation [SD]; n 5 5 donors) of NK cells induced apoptosis of DLETargets ( Figure 1I ). In comparison, only 9% 6 6% of NK cells induced apoptosis of wt-Targets, indicating a significant antibodydependent effect in cytotoxicity at the single-cell level (P 7 , .0001). Under identical conditions, the frequency of NK cells that induced target apoptosis in the absence of antibody was negligible (2% 6 2%), confirming that cell cytotoxicity was dependent on preincubation with the antibody. Consistent with published results, 31 there was no correlation between CD16-158 allotype and the frequency of cytotoxic NK cells ( Figure 1I ). These results confirmed that the Fc-engineered DLE-HuM195 potentiated cytotoxicity of larger amplitude and higher frequencies of NK cells.
Unlike ADCC, which was uniformly improved across all NK cell samples tested, the frequency of cytotoxic NK cells undergoing AICD (supplemental Video 2) was heterogeneous: in 3 of 5 samples, frequency of NK cell AICD was a mean of 37% (range: 27-42%) when interacting with DLE-Targets, and a mean of 19% (range: 12-26%) when incubated with wt-Targets (supplemental Figure 4A ; P 8 , .01). In contrast, with the other 2 samples, AICD frequency was not affected by the mAb pretreatment (supplemental Figure 4B ; DLE-Targets, mean, 19% [range: 19-20%]; and wt-Targets, mean, 19% [range: 18-20%]; P 9 . .05). Taken together, these data suggest the DLE-engineered mAb can induce donor-specific antibody-dependent increases in AICD.
TIMING to quantify the dynamic interactions between NK cells and target cells
To gain mechanistic insight into the interactions of NK cells and antibody-coated target cells, we measured in vitro the kinetics of their interactions, using TIMING (supplemental Figure 5) . Individual NK cells derived from 3 separate donors with varying frequencies of ADCC, as determined by the end-point single-cell assay (Figure 1I and supplemental Table 2 ), were co-incubated with CD33
1 EL4 target cells (1-3 cells) coated with either mAb and imaged by TIMING. To facilitate comparison with NK cell activation through natural cytotoxicity receptors or NK group 2, member D, parallel experiments were set up with the human HLA-deficient leukemic cell line K562 as target cells. Subsequent to automated image processing and segmentation, across these 3 samples, a total of 1233 (DLE-Targets), 1345 (wt-Targets), and 692 (K562 target cells) nanowells were identified as containing an E:T ratio of 1:1. As anticipated, the increased affinity of DLE-HuM195 for CD16 promoted longer contact durations between NK cells and antibody-coated targets (P 10 5 .008, supplemental Figure 6 ). At an E:T ratio of 1:1, a mean of 87% (range: 82-92%) of cytotoxic NK cells had an n Conjugate , the number of unique conjugations (periods of continuous contact . 7 minutes), of 1 before killing DLE-Target; in comparison, a mean of 73% (range: 65-79%) of NK cells had an n Conjugate of 1 before being able to kill wt-Targets (P 11 , .0001; Figure 2A ). Second, subsequent to at least 1 conjugation, a mean of 58% (range: 34-74%) of NK cells induced apoptosis of DLE-Targets, whereas only a mean of 33% (range: 9-47%) of NK cells induced apoptosis of wt-Targets (P 12 , .0001; Figure 2B ). Third, t Seek, the time taken to establish the first conjugate (85 6 6 minutes for DLE-Targets vs 83 6 9 minutes for wt-Targets [mean 6 standard error of the mean (SEM)]; Figure 2C ), or t Contact, the total cumulative contact duration before tumor cell apoptosis (78 6 4 minutes for DLE-Targets vs 93 6 6 minutes for wtTargets; Figure 2D ), for NK cell-mediated ADCC was not different between the mAb treatments (P 13 and P 14 ). The major difference between both mAbs in inducing NK cell-mediated cytolysis was seen in the kinetics of target apoptosis: t Death, the time to induce target cell apoptosis from first contact, of DLE-Targets was 91 6 5 minutes in comparison with a t Death for wt-Targets of 164 6 11 minutes (P 15 , .0001) ( Figure 2E ). Taken together, these kinetic data establish that compared with wt-HuM195, DLE-HuM195 increases the efficiency of target death by decreasing the time to target apoptosis, demonstrating that the increased molecular affinity for CD16 translates to more efficient contact, and enables faster cytotoxicity. In addition, curve-fitting the t Contact and t Death demonstrated that for both mAb treatments, a 2-phase decay model was appropriate (supplemental Table 3 ), suggesting that either different modes of killing (fast vs slow kinetics) or NK cell heterogeneity in cytotoxicity efficiency was present.
In Figure 2C-E) . Thus, in comparison with natural killing, and despite similar t Seek (P 13 5 .7), DLE-HuM195 decreased the cumulative time of contact (t Contact ) and the overall time before target apoptosis (t Death ; P 16 and P 17 both , .0001).
To assess the effect of adhesion to target cells on the motility of the NK cells, their average displacement within nanowells (during each 7-minute timeframe), d well , was computed in 3 phases: before, during, and after conjugation. Unlike their interaction with wt-Targets, individual NK cells interacting with single DLETargets showed, on conjugation, a significant decrease in motility (6.2 6 0.3 mm vs 4.4 6 0.2 mm [mean 6 SEM]; P 18 , .0001; Figure 2F ) and polarization (eccentricity, 0.66 6 0.01 vs 0.56 6 0.01 mm; P 19 , .0001; supplemental Figure 7) . Similarly, on conjugation with K562 cells, single NK cells decreased their motility (5.7 6 0.4 mm vs 4.0 6 0.4 mm; P 20 , .0001) and polarization (0.65 6 0.02 vs 0.58 6 0.02 mm; P 21 5 .01). These data suggest that individual NK cells encountering single DLE-Targets underwent efficient arrest, enabling a subsequent lytic hit.
DLE-HuM195 promotes serial killing by individual NK cells via kinetic boosting
Because DLE-HuM195 significantly increased NK cell-mediated ADCC, we next investigated whether enhanced CD16 ligation would translate into increased serial killing by individual NK cells. Across 5 donors, within 6 hours, overall frequency of serial killing was higher with DLE-Targets (19% 6 8%, mean 6 SD) compared with wt-Targets (5% 6 2%; P 22 , .0001) ( Figure 3A) . Specifically, at an E:T ratio of 1:2 (supplemental Figure 8) , 17% 6 7% of NK cells induced apoptosis of both DLE-Targets compared with 4% 6 1% with wt-Targets ( Figure 3B ; P 23 , .0001).
At an E:T ratio of 1:3, 14% 6 10% of NK cells induced apoptosis of all 3 separate DLE-Targets, which was significantly higher than individual NK cells inducing apoptosis of all 3 wt-Targets (2% 6 1%; P 24 5 .03). The probability of at least 1 killing event significantly increased with the number of targets in wells, regardless of the antibody variant tested ( Figure 3B and supplemental Table 4 ), which can be attributed to a higher probability of encounter when more targets are present and/or to a higher probability of lysis when more targets are contacted (supplemental Table 5 ).
As described earlier, TIMING was employed to gain mechanistic insight into behavioral differences of NK cells in their interaction with target cells coated with either mAb. As anticipated by the higher tumor cell density (2-4 targets), the t Seek to conjugate to the first target was shorter in comparison with individual NK cells encountering single targets, both with wt-Targets (32 6 4 minutes; P 25 5 .03) and DLE-targets (29 6 6 minutes [mean 6 SEM]; P 26 , .0001) ( Figure 4A ). Striking differences were observed when comparing the kinetic efficiency of NK cells participating in serial killing of DLE-Targets (supplemental Video 3) and wt-Targets (supplemental Video 4). Both t Contact (48 6 5 minutes for DLE-HuM195 vs 100 6 9 minutes for wt-HuM195; P 27 , .0001) and t Death of the first target For personal use only. on November 25, 2014 . by guest www.bloodjournal.org From hit (75 6 9 minutes for DLE-HuM195 vs 198 6 16 minutes for wt-HuM195; P 28 , .0001) were accelerated for DLE-Targets ( Figure 4B-C) . For all serial killers encountering DLE-Targets or wt-Targets, comparisons of the kinetics between each of the targets encountered by individual NK cells (target 1 vs target 2; Figure 4A -C) showed no differences except for t Seek (P values: P 29 5 .3, P 30 5 .4, and P 31 , .0001). Collectively, these data suggest that the increased serial killing frequency of NK cells when encountering DLE-Targets can be linked to accelerated cytotoxic efficiency; the time taken by the effectors to kill 2 separate DLE-Targets is shorter than the time taken to kill a single wt-Target (P 32 5 .0023; Figure 4C ; supplemental Videos 3 and 4). Furthermore, the effectors displayed kinetic boosting; conjugation to multiple DLE-Targets presumably enabled integration of signals derived from multiple targets, as t Contact for serial killers (48 6 5 minutes) before killing the first DLETarget was significantly lower than the t Contact (78 6 4 minutes) for cytotoxic NK cells that only encountered a single DLE-Target (Figures 2D and 4B ; P 33 5 .0003). This advantage was selective only for the interaction with the first target, as the kinetics of killing of the second target were largely the same compared with single targets (Figures 2 and 4) .
DLE-HuM195 improves ADCC and serial killing by freshly ex vivo isolated NK cells
To corroborate the results obtained using the expanded NK cells, the ability of DLE-HuM195 to improve NK cell-mediated ADCC and serial killing was tested using unactivated, ex vivo isolated NK cells. Across 3 separate donor samples, within nanowells containing a single NK cell and 1 to 3 target cells, and after 6 hours of incubation, a mean of 21% (range: 12-31%) of effector NK cells induced apoptosis of DLE-Targets, whereas only a mean of 10% (range: 7-12%) induced apoptosis of wt-Targets (P 34 , .0001; Figure 5A ). In the same timeframe, only a mean of 1% (range: 0-2%) of individual NK cells induced target cell apoptosis in the absence of mAb. We also evaluated the ability of these NK cells to participate in serial killing ( Figure 5B ). As expected, when encountering 2 or 3 DLE-Targets, a mean of 14% (range: 9-23%) of individual NK cells killed at least 2 targets, which was significantly higher than the mean of 3% (range: 3-4%) of effectors killing 2 or more wt-Targets (P 35 , .0001) ( Figure 5B ). Furthermore, in accordance with results observed for expanded NK cells, AICD displayed donor variation, with only 1 of the 3 samples tested displaying increased AICD on incubation with DLE-targets compared with wt-Targets (P 36 5 .0006; supplemental Figure 9 ). Finally, to test whether the superior cytotoxic and serial killing responses were linked to better NK cell activation, we measured the phosphorylation of ZAP-70, a signaling molecule downstream of the CD16-CD3zeta complex, in ex vivo, nonexpanded, individual cells. 36 As expected, ZAP-70 phosphorylation was induced rapidly when NK cells were cross-linked with DLE-HuM195, whereas no such response was observed when NK cells were cross-linked with wt-HuM195 ( Figure 5C ; 14% 6 2% for DLE-HuM195 vs 1 6 1% for wt-HuM195; P 37 5 .04). The specificity was confirmed by the nearcomplete abrogation of the response on preincubation of NK cells with an Fc blocking reagent (2% 6 1%). These results suggest that the ability of DLE-HuM195 to induce rapid activation of NK cells might explain the enhancement in cytotoxic responses.
Discussion
We implemented TIMING, a high-throughput single-cell assay based on nanowell grids to discern the effect of Fc engineering on the interaction between individual NK cells and mAb-coated tumor cells. At an E:T ratio of exactly 1:1, as anticipated by the increased affinity of engineered Fc for CD16 on NK cells, the overall duration of contact of individual cytotoxic NK cells with DLE-Targets was significantly longer than with wt-Targets (supplemental Figure 6) . Consistent with this observation, the n Conjugates required before NK cell-mediated cytotoxicity was lower with the DLE-Targets in comparison with the wt-Targets. The total cumulative duration of contact that resulted in target cell lysis, t Contact , however, was unchanged, implying that the net overall contact did not define the kinetics of target cell induction of apoptosis. To the contrary, t Death , the time lag between first conjugation and target apoptosis, was faster for NK cells interacting with DLE-Targets in comparison with wt-Targets. Furthermore, at this E: T ratio, both t Contact and t Death were significantly shorter for NK cells interacting with DLE-Targets as compared with K562 cells. Taken together, these results highlight that DLE-HuM195 promotes superior NK cell responses by facilitating efficient activation that led to faster execution of the target cell; this effect is not affected by CD16 158 allotypes.
In addition to single-killer NK cells, serial killer effectors were also profiled. At an E:T ratio of 1:2 to 4, the frequency of NK cells that participated in multiple target hits increased when interacting with DLE-Targets in comparison with wt-Targets (Figure 3 ). Both t Contact and t Death for individual NK cells to induce apoptosis of DLE-Target cells were substantially lower than with wt-Targets. Integrating t Seek and t Death indicated that when encountering multiple DLE-Targets, individual NK cells were able to efficiently integrate CD16 signaling derived from simultaneous conjugates (supplemental Video 3) to accelerate the kinetics of target cell death. Thus, the total contact time required before DLE-Target cell apoptosis is lower when conjugated to multiple targets in comparison with single targets, displaying kinetic boosting. This finding is consistent with the observation that when incubated with multiple targets, NK-cell cytotoxic events were not independent (supplemental Table 5 ). This efficiency in eliciting functional responses confers a superior advantage at higher cell densities, and kinetic boosting enabled NK cells to kill 2 separate DLE-Targets within the same timeframe needed to kill a single wt-Target ( Figure 4C ). Because enhanced activation can also promote NK cell AICD, this parameter was measured as a function of each of the mAbs tested. Unlike ADCC, NK cell AICD displayed donor-specific variation with NK cells from 3 of 5 donors displaying enhanced AICD when interacting with DLE-Targets. The validity of these results was also confirmed with unactivated ex vivo NK cells. Finally, we verified that superior activation, as measured by ZAP-70 phosphorylation, enabled by CD16 on binding of DLE-HuM195, is likely to be responsible for the accrued and accelerated response of NK cells.
With regard to the treatment of AML, recent clinical data have reinvigorated interest in the targeting of CD33, especially as profiling of large panels of primary AML tumors demonstrated that CD33 is expressed on more than 99% of samples. 37 Furthermore, CD33 is expressed on leukemic stem cells from patients with AML at significantly greater levels compared with hematopoietic stem cells isolated from healthy donors. 37 Indeed, targeting of CD33 using either bispecific T-cell engagers, anti-CD33 3 anti-CD3, or bispecific killer-cell engagers, anti-CD33 3 anti-CD16, has shown preclinical promise. 38, 39 As our results with the AML cell lines demonstrate, Fc-engineered DLE-HuM195 may provide an avenue to enhance preclinical, and eventually clinical, efficacy of targeting CD33. The results outlined here can have important broader implications for immunotherapeutic treatments. First, NK cells express additional receptors that can directly recognize tumor cells, and it has been recently demonstrated using 2-photon microscopy that mAbs can act as molecular bridges to recruit NK cells to malignantly transformed cells by increasing the duration of contact. 40 As we demonstrate, Fc-engineered mAb can also increase NK cell-mediated functional responses. Although negative signals transmitted by tumor cells can dampen NK cell responses, of all the activating receptors found on NK cells, it has been shown that mAb-derived CD16 signaling is the most likely to overcome inhibitory signals. 41, 42 Second, preclinical and clinical data using Fc-engineered mAbs have demonstrated a transient decrease in the frequency of circulating NK cells in some patients. 30, 43 As our results suggest, this could be a result of induction of AICD in NK cells, and this effect is clearly heterogeneous and donor-dependent. Third, with the ability of newer methods to enable the massive expansion of NK cells ex vivo, adoptive therapy using NK cells is being investigated for the treatment of many different cancers, often in conjunction with mAb therapy. 34, 44, 45 TIMING, as demonstrated in the current context, provides a framework for quantifying the effector functionality of individual NK cells that make up the inoculum for human application. 
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